The effects of an interposed Cu layer and a surface Cu layer on the C49-C54 TiSi 2 transformation temperature were studied. For the Ti/Cu/(100)Si samples the interposed Cu layer significantly enhanced the thermal stability of C49 TiSi 2 . The temperature for complete C49-C54 TiSi 2 transformation was raised from 710 to 735 to 750°C with the thickness of the interposed Cu layer increasing from 0 to 1.5 to 3.5 nm, correspondingly. Cu was insoluble in C54 TiSi 2 . For the Cu/Ti/(100)Si samples, the surface Cu layer did not at all enhance the thermal stability of the C49 phase. In the present study, the enhanced thermal stability of C49 TiCu x Si 2−x can be attributed to its reduced electron/atom ratio and larger grain size relative to those of C49 TiSi 2 .
I. INTRODUCTION
TiSi 2 has been widely used for ohmic contacts and gate electrodes in ultralarge-scale integration (ULSI) devices because of its low resistivity, good thermal properties, and compatibility with the self-aligned silicidation process. TiSi 2 may exist either as the high-resistivity C49 phase or as the low-resistivity C54 phase. 1 For device applications, the C54 TiSi 2 is preferred because of its low resistivity. The C49 phase generally forms first at temperatures ranging from 550 to 700°C and then transforms to the C54 phase at temperatures above 700°C. The morphological stability of the C54 phase during high-temperature annealing is crucial to the development of ULSI technology. 2 Recently, it has been shown that the C49-C54 transformation temperature can be lowered by preamorphization of Si substrates before Ti deposition, [3] [4] [5] ion implantation of Mo or W into Si substrates before Ti deposition, 6, 7 and deposition of an interposed layer of refractory metals or alloys between the Ti film and Si substrate. [8] [9] [10] [11] [12] [13] [14] [15] The enhanced formation of the C54 phase by preamorphization of Si substrates or Mo ion implantation or interposition of a Mo layer may be attributed to the increased nucleation sites of the triple junctions in the C49 phase. 5, 10, 15, 16 The enhanced growth of the C54 phase by interposition of a refractory metal layer may also be explained as due to the formation of the C40 phase or Ti 5 Si 3 , which acts as a template for the growth of the C54 phase. [7] [8] [9] [12] [13] [14] Recently, it has been reported that the electron/atom ratio may play an important role in determining the phase stability of TiSi 2 . [17] [18] [19] When the electron/atom ratio is increased, the stable phase changes from C49 to C54 to C40. Typical examples include the enhanced thermal stability of C49 TiSi 2 in the presence of Al or Sc with fewer valence electrons and the enhanced formation of C54 TiSi 2 in the presence of refractory metals with more valence electrons. [17] [18] [19] [20] [21] To date, the precise mechanisms dominating the C49-C54 TiSi 2 phase transformation remain to be clarified. Few studies concerning the effect of a third element added to the Ti-Si system on enhancing the thermal stability of the C49 phase are reported. [17] [18] [19] The Ti-Si-Cu phase diagram at 800°C shows that C49 TiCu 0.1 Si 1.9 is a stable phase in equilibrium with TiSi 2 . 22 From the mechanism of the electron/atom ratio it is anticipated that introduction of Cu into the Ti/Si system would enhance the thermal stability of C49 TiSi 2 because Cu possesses one valence electron, which is fewer than Si, which has 4. In the present study, therefore, we introduce an interposed Cu layer to the Ti/Si system to study its thickness effect on the C49-C54 transformation temperature. From these results, the viable mechanisms responsible for the C49-C54 TiSi 2 phase transformation could be elucidated.
II. EXPERIMENTAL PROCEDURES
Si(2 nm)/Ti(25 nm)/Cu(1.5 nm)/Ti(2 nm) and Si(2 nm)/ Ti(25 nm)/Cu(3.5 nm)/Ti(2 nm) multilayers were deposited onto the (100) Si substrates, hereafter referred to a) e-mail: wtlin@mail.ncku.edu.tw Ti/Cu(1.5 nm)/(100)Si and Ti/Cu(3.5 nm)/(100)Si, respectively, at a rate of 0.1 nm/s in an electron gun deposition system. The Si(2 nm) layer deposited onto the Ti layer was used to protect Ti from oxidation during storage and annealing. The Ti(2 nm) layer deposited between the Cu layer and (100) Si was used to protect Cu from diffusion to the Si substrate during storage. The base pressure was about 2.0 × 10 −6 torr. Rapid thermal annealing was conducted at a temperature of 650-800°C for 1 min in N 2 . Phase formation and microstructures were observed by plan-view transmission electron microscopy (TEM). The depth profiles of the chemical species in the films were analyzed by Auger electron spectroscopy (AES). Grazing incidence x-ray diffraction (XRD) was carried out for phase identification with the incident angle fixed at 0.5°. The sheet resistance of the annealed samples was measured by the four-point probe method. Figure 1 shows the sheet resistance of TiSi 2 films as a function of the annealing temperature and the thickness of the interposed Cu layer. The resistivities of C49 and C54 TiSi 2 are in the range of 60-70 and 15-20 ⍀ cm, respectively. Therefore, a sharp drop in sheet resistance indicates the formation of appreciable C54 TiSi 2 . As seen in Fig. 1 , with increasing the Cu thickness, the temperature for complete C49-C54 transformation increases from about 710 to 735 to 750°C. XRD analysis showed that for the Ti/(100)Si samples a pure C54 TiSi 2 film formed at 710°C, whereas for the Ti/Cu(1.5 nm)/(100)Si and Ti/Cu(3.5 nm)/(100)Si samples the C49-C54 TiSi 2 phase transformation was initiated at 720 and 735°C and completed at 735 and 750°C, respectively, as shown in Fig. 2 . It is evident that the addition of an interposed Cu layer into the Ti/Si samples enhances the thermal stability of C49 TiSi 2 , and the thicker the interposed Cu layer the more the extent of enhancement. According to TEM and XRD analysis, no Cu silicides were formed.
III. RESULTS AND DISCUSSION
From the Ti-Cu-Si phase diagram at 800°C, it is evident that C49 TiCu 0.1 Si 1.9 is a stable phase in equilibrium with C49 TiSi 2 . 22 At temperatures above or below 800°C no Ti-Cu-Si phase diagram is available. The present study shows that at 750°C the C49 phase is completely transformed to the C54 phase. As seen in Fig. 3 the AES depth profiles of the annealed Ti/Cu/Si samples reveal that at 710°C Si atoms diffuse through the Cu layer to react with Ti to form C49 TiSi 2 and most Cu atoms remain in the C49 TiSi 2 layer. However, at 750°C most Cu atoms segregate to the Ti-rich overlayer, forming a mixed Ti-Cu-Si layer on the C54 TiSi 2 layer. A previous study 23 for the SiO 2 /Cu/C54-TiSi 2 /Si samples investigated the interactions of Cu with 750°C grown C54 TiSi 2 . It showed that upon annealing at 450°C Cu atoms diffuse through the C54 TiSi 2 layer to react with the Si substrate to form Cu 3 Si without decomposition of C54 TiSi 2 , and the amount of Cu located in C54 TiSi 2 is quite small due to the low formation enthalpy of Cu-silicide as compared with that of TiSi 2 . Both the previous and present results indicate that Cu is insoluble in C54 TiSi 2 films. However, the present results further indicate that Cu is soluble in C49 TiSi 2 films, forming C49 TiCu x Si 2−x films. It has been reported that the introduction of either a surface Mo layer or an interposed Mo layer to the Ti/Si system can enhance the formation of C54 TiSi 2 , but the enhancement is less pronounced for the use of a surface Mo layer.
14 In the present study, the Si(2 nm)/ Cu(3.5 nm)/Ti(27 nm)/(100)Si samples, hereafter referred to Cu/Ti/(100)Si, were also prepared so we could explore whether a surface Cu layer can enhance the thermal stability of the C49 phase. After annealing at temperatures above 710°C, only the C54 phase was formed, as shown in Fig. 4 . Meanwhile, AES analysis showed that Cu atoms preferred to remain in the Ti-rich overlayer, forming a mixed Ti-Cu-Si layer on the C54 TiSi 2 layer, as shown in Fig. 5 . This result is consistent with that observed for the Ti/Cu/(100)Si samples shown in Fig. 3 . For the interfacial reactions of Ti/Si and Cu/Si systems, it is well known that the diffusion species are Si and Cu, respectively. Therefore, it is suggested that for the Cu /Ti /(100)Si samples annealed at temperatures above 710°C, the Ti layer is thick enough to slow down Cu atoms diffusion from the film surface to the Ti/Si interface, causing Si to directly react with Ti to form C54 TiSi 2 without delay, as observed in the Ti /(100)Si system. Once the C54 TiSi 2 layer is formed, most Cu atoms remain in the Ti-rich overlayer. It is worthwhile to note that for both annealed Ti /Cu /Si and Cu /Ti /Si samples, Cu atoms prefer to segregate to or remain in the Ti-rich overlayer without diffusing through the C54 TiSi 2 layer to react with the Si substrate to form Cu-silicide. The cause may be attributed to the low energy state for the mixed Ti-Cu-Si layer as compared with that for Cu-silicide.
The grain size mechanism suggests that an increased density of triple grain junctions of the C49 phase, where the C54 phase can nucleate, can enhance the formation of the C54 phase. 5, 10, 15, 16 In the present study, upon annealing at 650°C, the average grain size of C49 TiCu x Si 2−x is larger than that of C49 TiSi 2 , as shown in Fig. 6 . Thus, the enhanced thermal stability of C49 TiCu x Si 2−x may be attributed its larger grain size relative to the C49 TiSi 2 . This result is in contrast to that observed in the Ti/Al/(100)Si system 17 in which the grain size of C49 TiAl x Si 2−x is smaller than that of C49 TiSi 2 , and hence the enhanced thermal stability of C49 TiAl x Si 2−x is attributed to the electron/atom ratio. However, as seen in Fig. 1 the C49-C54 transformation temperature for the Ti/Cu(1.5 nm)/(100)Si samples is lower than that for the Ti/Cu(3.5 nm)/(100)Si samples; even the grain size of C49 TiCu x Si 2−x grown in the former is comparable to that grown in the latter, as shown in Figs. 4(b) and 4(c). This result reveals that the possibility of the electron/atom ratio responsible for the enhanced thermal stability of C49 TiCu x Si 2−x cannot be ruled out. Therefore, the enhanced thermal stability of C49 TiCu x Si 2−x can be attributed to its reduced electron/atom ratio and larger grain size relative to those of C49 TiSi 2 .
IV. SUMMARY
In summary, addition of an interposed Cu layer into the Ti /(100)Si system enhanced the thermal stability of the C49 phase with the extent of enhancement more significant for the thicker Cu layer in the samples. Cu was insoluble in C54 TiSi 2 . For the Cu /Ti /(100)Si samples the surface Cu layer did not enhance the thermal stability of the C49 phase. The enhanced thermal stability of C49 TiCu x Si 2−x can be attributed to its lower electron/atom ratio and larger grain size relative to those of C49 TiSi 2 .
